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INTRODUCTION
As the most widely used coating and pavement cementing material, bitumen is in great annual demand. In recent years, with the increasing shortage of crude oil resources, with enhanced environmental concerns, and with a shift in refinery strategies to a reduced pitch (bitumen) production, the bitumen industry is facing unprecedented challenges and the need to reduce the application of petroleum bitumen in the construction industry is a hot industrial and research topic. Biomass-based alternatives could be a valid and valuable development. Biomass refers to the various organisms formed by photosynthesis, including animal, plant and microorganism biomass. As the fourth largest energy resource, biomass is abundant and the most important raw material for producing bio-oil. At present, researchers have extracted bio-oil from microalgae (Brennan et al. 2010) , manure (Fini et al. 2011) , oil seeds (Kong et al. 2019 ; Kong et al. 2018 ; Kong et al. 2017 ), short rotation forestry wood (Prayogo et al. 2014 ; Van et al. 2010) , corn stover (Raouf et al. 2010) , rice husks (Zheng et al.2010) , and other materials ( Van et al. 2010 ; Sanna et al. 2011) . Many innovative techniques for producing bio-oil from biomass have been developed, mostly including thermochemical techniques such as hydrolysis, pyrolysis and liquefaction (Fernandez et al. 2019 ; Van et al. 2008 ; Van et al. 2006; Demirbas 2001; Önal et al. 2011) , with pyrolysis as the most widely used technology. In the absence of air, pyrolysis converts organic matter into a solid biochar, a condensable bio-oil and non-condensable small molecule gases (Goyal et al. 2008 ; Akhtar et al. 2010 
2018).
A cementitious material obtained by incorporating a given fraction of a pyrolytic bio-oil into a conventional petroleum pitch is called a bio-bitumen. Several researchers have studied the practical application of bio-bitumen (Bridgwater et al. 2000) . Adding bio-oil to matrix bitumen can change its temperature sensitivity (Önal et al. 2011 ) and modify the overall properties (Yang et al. 2014; Zargar et al. 2012) . Forest waste bio-bitumen can improve the high temperature performance of petro-based bitumen, although it has an adverse effect on the low temperature performance of the adhesive (Yang et al. 2013 ). On the contrary, bio-bitumen produced from pig manure and edible oil has an inferior high temperature performance than traditional bitumen, but can improve low temperature performance (Fini et al. 2011 , Yang et al. 2017 Wen et al. 2013; Su et al. 2018) . The use of bio-bitumen not only reduces production costs, but more importantly it has a positive impact on the environment and can improve the performance of traditional bitumen to some extent.
Bitumen is also widely used in coating sheet due to its good adhesion, plasticity, water resistance, corrosion resistance and durability. Coating sheets based on bitumen are widely used in tunneling, roofing of industrial and private buildings, or as anticorrosive protection of metal pipes. In the present research, bio-bitumen is applied at different fractions into two types of bitumen sheets. Results on temperature stability, mechanical strength and temperature flexibility will demonstrate that bio-oil is suitable for the preparation of coating sheet bitumen.
MATERIALS AND METHODS

Materials
Two petro-based bitumen binders with 70 and 200 penetration grades (as determined by standard needle test at 25 °C, and denoted as 70# and 200# grades) were used in our study and were 
Preparation of bio-oil
The pulverized wheat straw (< 1 mm) was placed in a N2-purged tubular reactor and reacted at 500 °C for 15 s. The obtained cracking products are solid biochar, liquid bio-oil, and noncondensable gases. When using wheat straw as biomass species at the specified temperature and reaction time, the yield of bio-oil is 43%. Biochar represents 25% and the balance consists of non-condensable gases.
The pyrolysis oil was analyzed by Fourier Transform Infrared Spectrometer(Vertex 70V, Bruker). Since the prepared bio-oil was viscous, it was dissolved in dichloromethane followed by dropping the solution onto a KBr table. The sample was scanned within a test spectrum range of 400 to 4000 cm −1 after evaporating the solvent.
Preparation of bio-bitumen coating sheet
The wheat straw pyrolysis oil (water content 8%) was applied directly to substitute part of the petro-bitumen into self-adhesive coating sheets and Styrene-Butadiene-Styrene (SBS) hot-melt coating sheets. No any pretreatment was carried out before use, except in some case it was distillated at 100 °C for dewatering.
Bio-bitumen applied in self-adhesive coating. Self-adhesive coating sheets were prepared by firstly adding the petro-bitumen binders 70# and 200# into a mixer with mechanical stirring.
After heating and melting at 120 °C for 1h, 5 wt% of Styrene-Butadiene Rubber (SBR) was added to the mixture. The temperature increased to 180 °C in a controlled manner (1 °C/min).
SBS was then introduced into the mixture, with stirring for 2 h at 180 °C. Finally, bio-oil was added into the molten mixture at 5, 10, 15 and 20 wt%, and stirred for an additional 2 hours. The molten high temperature sample was quickly discharged and further used for testing after cooling.
Bio-bitumen applied in SBS hot-melt coating sheet. SBS hot-melt coating sheets were prepared by firstly mixing the bitumen binders 70# and 200# under heating till 150 °C for 1 h. 10 wt% SBS were added and stirred at 180 °C for 3 hours. Again, bio-oil was added at 5, 10, 15 and 20 wt% while stirring for another 2 hours. The molten high temperature sample was quickly discharged and further used for testing after cooling.
Performance tests of bio-bitumen modified coating sheets
Softening point. The softening point of the coating was determined by a bitumen softening point analyzer (WSY-025C, accuracy ±0.5°C), according to GB/T 4507-2014 ("Bitumen softening point determination method"), at a heating rate of 5 °C/ min.
Low temperature flexibility. According to GB/T 328.14-2007 test method for building coating sheets, the low-temperature flexibility of the said sheets is used to determine the low-temperature properties and resistance of bitumen coating sheets. The specimen size is (150 ± 1) mm × (25 ± 1) mm, and the temperature is maintained for 1 h ± 5 min in a low-temperature refrigerator (Aucma, accuracy ± 2 °C) in temperature range -20°C to -40 °C, and then tested with a low-temperature flexible tester (DWR-2). The temperature without visible cracks on the sample was recorded .
Peeling strength. The peeling strength was determined by Microcomputer-controlled electronic universal testing machine (MTS, CMT 6104), in accordance with GB/T 328.20-2007 ("Building waterproofing coating sheet test method Part 20: Bitumen coating sheet joint peeling performance where the stretching rate is 100 ± 10 mm/min at ambient temperature of 23 ± 2 ° C"). Peeling strengths were determined for application of the bio-bitumen coating sheets on both a petro-based coating sheet and on an aluminum plate, respectively.
Viscosity. The viscosity of bio-bitumen at 150 °C and 180 °C was measured by Rotating viscometer (Brookfield), using 26 rotors.
Heat resistance. The heat resistance was measured by Electric thermostatic drying oven (FXB-2, accuracy ± 2 ° C), according to GB-T 328.11-2007 ("Building coating sheet test method Part 11:
Bitumen waterproofing membrane heat resistance to characterize coating materials heat resistance"). The heat resistances of the bio-bitumen at 70 °C (coating material for self-adhesive sheets) and 105 °C (coating material for hot-melt sheets) were characterized.
Density. The density was measured by Density balance (OHAUS, precision 1 mg). Triplicate measurements were performed, and averages are further reported (with deviations of triplicate samples within 10 kg/m³ from the averages).
Hardness.
A Shore A hardness analyzer (TB51-LX-A) was used, according to GB/T 531.1-2008 ("Vulcanized rubber or thermoplastic rubber indented hardness test method Part 1 Shore hardness test method to test modified bitumen hardness"). The median value was measured five times on the surface of the sample, and average median results are further reported.
Maintained stickiness. Under the condition of (23±2 °C), the test piece was adhered to two clean and smooth mirror stainless steel plates, and repeatedly pressed three times with a pressure bar, according to GB/T 23441-2009. After 24 hours, it was suspended vertically and a 1 kg weight was suspended at the lower end of the lower plate, and the time (min) at which the test piece was completely peeled off from the upper plate was recorded.
RESULTS AND DISCUSSION
FTIR results
A sample of the bio-oil is illustrated in Figure 1 . It is a dark and sticky liquid. It was analyzed by FTIR analysis, and the obtained infrared spectrum is shown in Figure 2 . The bio-oil produced by pyrolysis of biomass is very complex, mainly containing water, acids, aldehydes, ketones, esters, furans, sugars and phenols [24] . The FTIR spectrum of Fig. 2 shows the similar result. It can be seen from Fig. 2 that the molecular structure of the sample is mainly composed of chain hydrocarbon derivatives; The C=C bond vibration characteristic peak near 1600cm -1 is more obvious, indicating that the sample contains more unsaturated bonds. A characteristic peak around 1700 cm -1 indicates that the sample contains a part of the carbonyl structure (C=O stretching vibration). The weak signal peaks around 1200 cm -1 and 3000 cm -1 indicate low aromatics content. Moreover, the absorption peak around 3450 cm -1 indicates the water contained in the sample due to undying during sample preparation.
Bio-oil as substitute of petro-based bitumen
Effect of bio-oil directly added to a bitumen coating sheet. It can be seen from both table 1 and table 2 that the softening point is obviously increased with the increase of bio-oil addition, and the peeling strength of also increased for both the self-adhesive or SBS hot-melt coating sheets.
In particular, the peel strength of the self-adhesive web was increased by 68% compared to the blank test when the amount of bio-oil added was 15.7%. The peel strength of SBS hot-melt coating sheets decreased when the amount of bio-oil added was 5%, but increased when the amount exceeded 10%. Moreover, the addition of bio-oil also slightly improved the low temperature flexibility of the self-adhesive coating sheet, but it adversely affected the low temperature flexibility of the SBS hot melt sheet, and the viscosity of the SBS hot melt bitumen coating sheet significantly increased.
Bio-oil has a higher oxygen content than petroleum, so the aging rate is fast, resulting in an increase in the hardness of the bio-bitumen. This may also be the main reason for the increase in softening point. In addition, bio-oil also produces a small amount of coke during the preparation and aging process that can act as an aggregate, which is beneficial to the improvement of softening point and peel strength. It has also been observed that the incorporation of bio-oil significantly enhances the low temperature flexibility of self-adhesive coating sheets, as explained by the fact that bio-oil contains many C=C double bonds. Since the biochar particles have a high thermal stability, their presence can also help to alleviate the thermal stress caused by a low temperature. Effect of bio-oil addition to a bitumen coating sheet after dewatering. Bio-oil obtained from biomass pyrolysis contain a considerable amount of moisture produced from dehydration reactions or that obtained from the moisture inherent in the biomass itself [7, 8, 25] . It is hence necessary to study the effect of moisture on modified bitumen coating sheets. Table 3 shows the performance of adding bio-oil to the self-adhesive coating sheet after dewatering. When the addition amount is within 15%, the low-temperature flexibility of both mixes and of the blank test do not significantly differ. When the addition amount is 5% and 10%, the peel strength of the sheet-to-sheet and the sheet-to-aluminum plate is improved, but when the addition amount exceeds 10%, the softening point thereof is largely lowered. In addition, the Maintained stickiness of the coating sheet can be increased to about 2 hours as the amount of added bio-bitumen increases. Table 4 shows that after dewatering, the softening point, peel strength and low temperature flexibility show a decreasing trend with the increase of the added amount. And under the same amount of addition, the softening point of the bio-bitumen is lower than that before dewatering.
However, the peel strength is higher than that before dewatering. In addition, the incorporation of bio-oil also increases the viscosity and hardness of the bitumen. And after dewatering, the hardness is significantly greater than that before dewatering, the viscosity is significantly lower than that before dewatering. Overall, self-adhesive sheets have the best performance when biooil is without dewatering and added with 10%. Table 5 shows the performance of added bio-oil to SBS hot-melt coating sheets after heating and dewatering. As the amount of added bio-oil increases, the low-temperature flexibility decreases.
The peel strength decreased at 5% addition, and increased again at 10%, but remained below the blank value. In general, the bio-oil dewatering has an adverse effect on the performance of both coating sheets. This phenomenon may be due the fact that removing water destroyed the hydrogen bonds that help maintain structural stability. Performance of coating sheet after aging Table 6 shows the performance of the self-adhesive coating sheet after aging. Before heat aging test, the coating sheet with 10% bio-bitumen shows significantly higher peel strength than the blank. The peel strength decreased after UV aging more than twice its value after heat aging.
After the heat aging test and the UV aging experiment, the peel strength and low temperature flexibility of the blank test and bio-bitumen are reduced to the same level. Table 7 shows that when partially replacing 70# bitumen, the low temperature flexibility is improved with the increase of the substitution ratio, however, not for the substitution of 200# bitumen. Regardless of the replacement of 70# or 200#, the softening point is significantly reduced when the substitution ratio is 20% compared to the 10% replacement rate. 
2013).
Although Wood based bio-oil could improve high temperature performance to some extent, it is not conducive to low temperature cracking performance (Yang et al. 2013; Wen et al. 2013 ). In comparison, bitumen coating sheet has high requirements on the viscosity and peel strength of bio-bitumen. Moreover, the coating sheet does not need to bear more external loads, which is undoubtedly more advantageous for the application of bio-bitumen. Therefore, the application of bio-oil in bitumen coating sheet shows better adaptability.
CONCLUSIONS
The bio-oil produced by pyrolysis of wheat straw was applied to two different bitumen sheets.
The effect of the bio-oil incorporation was studied by examining the physical properties. Results demonstrate that the addition of bio-oil increases the softening point and peel strength of the two coating sheets. Meanwhile, it is beneficial to the low temperature performance of self-adhesive coating. Interestingly, the small amount (about 8%) of water contained in bio-oil does not affect the performance of the bitumen sheet. This may be due to the presence of hydrogen bonds to help maintain structural stability. Except the substitution of 70# or 200# bitumen, the softening point of SBS hot-melt coatings decreased significantly with the increase of the substitution ratio.
Compared to pavement bitumen, the application of bio-oil in coating sheet bitumen shows better
